Abstract Emissions of nitrous oxide (N 2 O) from managed and grazed grasslands on peat soils are amongst the highest emissions in the world per unit of surface of agriculturally managed soil. According to the IPCC methodology, the direct N 2 O emissions from managed organic soils is the sum of N 2 O emissions derived from N input, including fertilizers, urine and dung of grazing cattle, and a constant 'background' N 2 O emission from decomposition of organic matter that depends on agro-climatic zone. In this paper we questioned the constant nature of this background emission from peat soils by monitoring N 2 O emissions, groundwater levels, N inputs and soil NO 3 --N contents from 4 grazed and fertilized grassland fields on managed organic peat soil. Two fields had a relatively low groundwater level ('dry' fields) and two fields had a relatively high groundwater level ('wet' fields). To measure the background N 2 O emission, unfertilized sub-plots were installed in each field. Measurements were performed monthly and after selected management events for 2 years (2008)(2009)). On the managed fields average cumulative emission equaled 21 ± 2 kg N ha -1 y -1 for the 'dry' fields and 14 ± 3 kg N ha -1 y -1 for the 'wet' fields. On the unfertilized sub-plots emissions equaled 4 ± 0.6 kg N ha -1 y -1 for the 'dry' fields and 1 ± 0.7 kg N ha -1 y -1 for the 'wet' fields, which is below the currently used estimates. Background emissions were closely correlated with groundwater level (R 2 = 0.73) and accounted for approximately 22% of the cumulative N 2 O emission for the dry fields and for approximately 10% of the cumulative N 2 O emissions from the wet fields. The results of this study demonstrate that the accuracy of estimating direct N 2 O emissions from peat soils can be improved by approximately 20% by applying a background emission of N 2 O that depends on annual average groundwater level rather than applying a constant value.
Abstract Emissions of nitrous oxide (N 2 O) from managed and grazed grasslands on peat soils are amongst the highest emissions in the world per unit of surface of agriculturally managed soil. According to the IPCC methodology, the direct N 2 O emissions from managed organic soils is the sum of N 2 O emissions derived from N input, including fertilizers, urine and dung of grazing cattle, and a constant 'background' N 2 O emission from decomposition of organic matter that depends on agro-climatic zone. In this paper we questioned the constant nature of this background emission from peat soils by monitoring N 2 O emissions, groundwater levels, N inputs and soil NO 3 --N contents from 4 grazed and fertilized grassland fields on managed organic peat soil. Two fields had a relatively low groundwater level ('dry' fields) and two fields had a relatively high groundwater level ('wet' fields). To measure the background N 2 O emission, unfertilized sub-plots were installed in each field. Measurements were performed monthly and after selected management events for 2 years (2008) (2009) . On the managed fields average cumulative emission equaled 21 ± 2 kg N ha -1 y -1 for the 'dry' fields and 14 ± 3 kg N ha -1 y -1 for the 'wet' fields. On the unfertilized sub-plots emissions equaled 4 ± 0.6 kg N ha -1 y -1 for the 'dry' fields and 1 ± 0.7 kg N ha -1 y -1 for the 'wet' fields, which is below the currently used estimates. Background emissions were closely correlated with groundwater level (R 2 = 0.73) and accounted for approximately 22% of the cumulative N 2 O emission for the dry fields and for approximately 10% of the cumulative N 2 O emissions from the wet fields. The results of this study demonstrate that the accuracy of estimating direct N 2 O emissions from peat soils can be improved by approximately 20% by applying a background emission of N 2 O that depends on annual averageIntroduction Most nitrous oxide (N 2 O) is emitted from agricultural soils, especially after application of mineral and organic nitrogen (N) fertilizers (Mosier et al. 1998 ). The emission of N 2 O contributes to global warming and stratospheric ozone destruction (Wuebbles 2009) . Following the Intergovernmental Panel on Climate Change (IPCC) guidelines to calculate the emission of N 2 O from managed organic (i.e. peat) soils one discriminates between a constant emission due to the cultivation and drainage of peat soil and a variable emission depending on the types and amounts of N inputs (de Klein et al. 2006) . The first can be considered as a 'background' or reference N 2 O emission for cultivation of soils including drainage and the latter as a net emission for agricultural management induced emission of N 2 O. The IPCC distinguishes several levels of detail for reporting. These levels of detail are called Tiers and go from large spatial units (Tier 1) to smaller spatial units (Tiers 2 and 3). For the Netherlands, the IPCC Tier 1 methodology applies a background emissions of 8 kg N-N 2 O ha -1 y 1 , but this figure is based on limited experimental data (Couwenberg 2009 To halt, or slow down, N 2 O emissions there is a demand for effective N 2 O mitigation measures. The development of such measures is complicated by high spatial and temporal variability and a still limited understanding of driving forces of N 2 O emissions at field and regional scales which may limit the specificity and effectiveness of defined measures. At small scales, the emission of N 2 O is favoured by simultaneous occurrence of anaerobic conditions, ample availability of NO 3 -and of organic matter (Tiedje et al. 1984) . Consequently, high emission peaks can occur directly following fertilizer application (Williams et al. 1999) , especially under humid and organic carbon rich conditions. These favourable conditions for N 2 O emissions are commonly found in pastures on peat soils in The Netherlands and consequently these soils are major contributors to the national N 2 O emission (Velthof and Oenema 1995) . In these managed organic soils, the main manageable control factors for N 2 O emission are fertilizer applications (governing the NO 3 -contents in the soil) and groundwater level (governing the anaerobicity and mineralization rate in the soil) as metabolizable C is generally widely available throughout the soil profile (van Beek et al. 2004 ).
In the National Inventory Report of The Netherlands about 223,000 ha is classified as managed peat soil (van der Hoek et al. 2007 ) and these soils typically receive 300-500 kg N ha -1 y -1 (van Beek et al. 2010) mainly as Calcium Ammonium Nitrate (CAN) fertilizer and cattle manure. These managed peat soils have a distinct water management with shallow, i.e. nearly ponded, groundwater levels in winter and somewhat deeper, i.e. up to one meter in the middle of fields, groundwater levels in summer. At present, the water table is managed and adjusted towards agricultural management. This requires a minimum bearing capacity for equipment and cattle and hence extended drainage during the growing season although this enhances mineralization and subsidence of the soil (Verhoeven and Setter 2010; de Haan et al. 2006) . In winter, groundwater levels rise and may reach the soil surface. This water table management is currently under debate, because of the ongoing subsidence of the soil and associated high emissions of CO 2 , yet the majority is still managed as described above.
In this study the background emission was defined as the N 2 O emissions obtained from unfertilized and mown fields. Net direct N 2 O emission was defined as the total emission minus the background emission. The net emissions was considered a measure of agricultural management induced N 2 O emissions. The background emission was considered to be primarily governed by soil management via drainage. Following the good practice guidance approach of the IPCC at Tier 1 and Tier 2 level, for calculation of the background emission a constant value for the emission should be used in each climatic zone. However, previous experimental and simulation studies on N 2 O emission from managed peat soil point towards increasing N 2 O emissions with increasing N input rates and groundwater levels (Schrier-Uijl et al. 2010; Velthof and Oenema 1995; Velthof et al. 1996a; Langeveld et al. 1997) , which indicates that in fact the background emission may be related to groundwater level. Moreover, considering that groundwater level are deepest and N inputs are highest in summer, a seasonal fluctuation with relatively high net and background emissions during summer is expected. In this study, the above mentioned hypotheses were tested with experimental data on N 2 O emissions from four fields with two different groundwater management regimes in the Western peat land area of The Netherlands. This study is a continuation and extension of the study described by .
In van total N 2 O emissions per unit of N input were positively related to groundwater level, but they could not discriminate between effects induced by groundwater level and effects induced by fertilization. In 2008 the experimental design was extended with the installation of unfertilized and mown sub-plots in order to quantify background N 2 O emissions.
Materials and methods

Site description
Measurements were performed at experimental dairy farm 'Zegveld' located in the Western part of the Netherlands (52°26 0 N, 4°48 0 E). Four fields were selected for intensive monitoring, which had a mean groundwater level of 40 cm below soil surface ('wet' fields) and 55 cm below soil surface ('dry' fields). The soil was classified as Terric Histosol according to Food and Agriculture Organization (FAO) classification. Briefly, fields were drained by tile drains, grazed and fertilized according to common agricultural practices and received about 370 kg N ha -1 y -1 . During each sampling event 96 fluxes, equally distributed over the managed fields, were measured. Detailed descriptions of the experimental design, measurements and field management of the managed fields are provided in . Nitrous oxide fluxes have been monitored in fields 2 and 13 since 2005. In 2008 two more fields were added to the experimental design in order to validate conclusions. Also, in 2008 subplots were installed in all 4 fields, which were fenced off and did not receive any N addition through fertilizer applications and grazing, but were mown according to the managed fields. The subplots served to quantify the background N 2 O emission from soil and are called reference fields from hereon. Nitrous oxide emissions from the reference fields were measured on the same dates as the managed fields and per sampling event N 2 O measurements were performed on 6 randomly selected locations in the reference fields. Some general characteristics of the fields are provided in Table 1 .
Measurements
Nitrous oxide flux measurements were performed once a month (regular sampling scheme) and after three selected management activities ('events'): two manure applications and one fertilizer application. Measurements were performed at approximately 1, 7, 14, 21 and 28 days after the selected events. In total 40 sampling events were performed in 2 years (2008) (2009) . Nitrous oxide fluxes were measured as described in . All management activities were recorded and sometimes events overlapped (e.g. fertilizer application and grazing). Mineral soil N (NO 3 -and NH 4 ? ) contents were measured from February 2007 onwards by Segmented Flow Analysis (SFA) for the managed fields 2 and 13 and from Spring 2009 onwards also for the 
2008 Dry 38 507 27 ± 23 33.4 ± 13.0 (7.6 ± 8. reference fields. Fields 3 and 11 were omitted from NO 3 -analyses due to limitations is sampling capacity. Soil samples (0-20 cm and 20-40 cm below soil surface) were taken from a regular grid for the managed fields and as mix samples (n = 6) from the reference fields. Groundwater levels were measured semi-continuously using groundwater sensors in fields 2 and 13 and every 14 days using groundwater probes in fields 3 and 11. For this paper we used the time window of January 2008-November 2009 during which most measurements were performed simultaneously on all fields (Table 2 ). . Cumulative annual net emissions and cumulative annual background emissions were related to total annual N inputs and mean annual groundwater levels, respectively, using linear regression analyses.
Results
Groundwater levels, N inputs and soil NO 3 -contents Groundwater levels ranged between 0 and 70 cm below soil surface, with relatively deep groundwater levels in summer and relatively shallow groundwater levels in winter. Sometimes groundwater levels reached the surface and puddles occurred (Fig. 1) . In general, the wet fields had more shallow groundwater levels compared to the dry field (Table 1) . Average soil NO 3 -contents fluctuated between 4 and 76 mg kg -1 NO 3 --N. Soil NO 3 -contents of the dry fields significantly exceeded NO 3 -contents of the wet fields (p \ 0.0001). Generally, soil NO 3 -contents of the managed fields exceeded those of the reference fields, but exceptions occurred (Fig. 1) . Soil NH 4 ? -N contents varied considerably between 1.0 and 258.0 mg kg -1 and there was no clear distinction between the wet and dry fields (not shown). Total N inputs through management practices ranged from 321 kg N ha -1 y -1 for wet field 13 in 2006 to 557 kg N ha -1 y -1 for dry field 2 in 2008. The majority of these inputs were caused by droppings of grazing cattle . In general the wet fields received less N inputs (Table 1) . Figure 2 shows the course of the N 2 O-N fluxes in time for all fields and for the reference fields within these fields. Fluxes were highly variable in time and showed distinct peaks. For more than 95% of the sampling days the N 2 O emissions from the managed fields exceeded the emissions from the reference fields. The net emission of field 13 was largely governed by the peak in August 2008. This peak was the result of an overall relatively high emission on that day in field 13, with 3 locations having an emission of more than 1 kg N-N 2 O ha -1 d -1 . The peak was probably caused by the combination of humid conditions and the presence of cattle in field 13 during the August 2008 sampling event. Apart from this peak, the net fluxes from the dry fields in general exceeded the net fluxes from the wet fields. During winter the temporal variability in net fluxes seemed to be lower compared to summer, but this could not be considered as a consistent pattern.
Annual cumulative emissions from the managed fields ranged from 3 kg N ha -1 y -1 for wet field 11 in 2008 to 33 kg N ha -1 y -1 for dry field 2 in 2008, but differences between fields with comparable drainage were high (Table 1) . About 30% of the annual cumulative emissions occurred during summer for the dry fields, whereas for the wet fields about 85% of the total annual N 2 O emission occurred during summer (Fig. 3) . Background emissions accounted for about 25% of the cumulative summer emissions for all fields. In winter, the reference fields accounted for 24% of the total emissions for the dry fields and for 17% of the total emissions for the wet fields (Fig. 3) . Estimating N 2 O emissions from managed peat lands Mean annual groundwater levels explained 73% of the cumulative annual background emissions and showed a positive relation with background N 2 O emissions (Fig. 4) . The cumulative annual net emissions, however, could not be related to total annual N inputs (significance F [ 0.8). Neither was the relative cumulative annual net N 2 O emission (i.e. net N 2 O emission/N input) related to groundwater level (significance F [ 0.4).
Discussion
Background emissions from drained organic soils Velthof et al. (1996b) reported background emissions from peat soils in The Netherlands for the years 1992-1994 of 5.3 ± 5.2 kg N-N 2 O ha -1 y -1 , based on measurements at the same site as used in the present study. These results show reasonable agreement with our results with an average background emission of 3.2 ± 2.9 kg N-N 2 O ha -1 y -1 (Table 1) . Moreover, from March till November 1992 Velthof and Oenema (1995) measured N 2 O emissions from unfertilized, fertilized ? mown and fertilized ? grazed fields and hence could discriminate the management induced emission from fertilizer-derived emissions and from grazing-derived emissions. This experiment showed that for peat soils about 40% of the management induced N 2 O emissions was derived from fertilizer and the remainder 60% from cattle droppings through grazing.
For the national reporting obligations towards the UNFCCC The Netherlands applies a Tier 2 method with a calculated background emission factor value for all drained organic soils of 4.7 kg N-N 2 O ha -1 y -1
(Protocol 8132 Direct emissions from agriculture, van der Hoek et al. 2007) . At Tier 1 level the IPCC derived a constant value of 8 kg N-N 2 O ha -1 y -1 . In our study the background emissions ranged between 0.2 and 7.6 kg N-N 2 O ha -1 y -1 for wet and dry soils, respectively (Table 1 ). These results indicate that the IPCC Good Practice Guidance overestimates the background emissions for relatively wet soils and that the Tier 2 approach of the Netherlands predominantly refers to intensive drainage, i.e. relatively dry fields. In organic soils the background emission reflects N 2 O release through drainage and consequent mineralization of organic matter and meteorological conditions like precipitation and temperature. Based on these factors a seasonal trend in background N 2 O emissions was expected. Indeed, summer background emissions exceeded winter background emissions by almost a factor 5 for all fields, except field 2. Just prior to the installation of the unfertilized sub-plots (October 2008) field 2 was grazed. Grazing in late autumn is unusual and has probably led to divergent results in the sub-plot of field 2. However, as we can not state this argument causally, we did not omit this subplot from further assessment, but examined the results from this sub-plot with caution.
Seasonal trends
The net emission of N 2 O was corrected for the reference emissions and hence does in principle exclusively reflect the effects of agricultural field management. However, even in winter in the absence of any field management, considerable differences between net emissions and background emissions persisted, as did soil NO 3 -contents ( Figs. 1 and 2 ). Apparently, impact of management does persist in the soil for considerable lengths of time. As a consequence, measures that aim to prevent hot-spot events by delaying e.g. fertilizer application (Jones et al. 2005; Schils et al. 2006 ) may in fact not prevent, but rather postpone and/or dilute the emission over time. For the dry fields total emissions were higher in winter compared to summer, of which the majority was caused by the net emission (Fig. 3) . Most likely this was caused by management induced increased NO 3 -concentration in the topsoil that could be denitrified when anaerobicity occurred, along with rising groundwater levels. Indeed, NO 3 --N contents of the topsoil were higher in the dry fields compared to the wet fields (Table 1) . Van Beek et al. (2004) demonstrated that the most active zone of denitrification of a nearby peat area was found 20-30 cm above the level of the groundwater table. They showed that with rising ground water levels not the extend, but the location and depth of denitrification changed. For N 2 O emission, denitrification is an important process, but during its way from the production site in the subsoil to the atmosphere, considerable amounts of N 2 O can and will be reduced to N 2 (van Groenigen et al. 2005a ). This may explain our findings as in winter groundwater levels are higher and consequently the vertical distance between the formation and emission of N 2 O are less than in summer. Nevertheless, our observation of relatively high winter N 2 O emissions contrasts with the results reported by Velthof et al. (1996b) . They reported relatively low winter emission for the same site, but for different years notably March 1992 to March 1994. These winters were somewhat colder than the winters covered in the present study (mean winter temperature of 10.1°C and 10.6°C, respectively) and with less frost. The lower winter temperatures in combination with less frost periods in the study of Velthof et al. (1996b) probably explain the deviation in results with our study.
Comparisons of fields
The dry and wet fields were managed reasonably similarly, as considered by the farmers. Yet, deviations between N inputs could be considerable (Table 1) , which was mainly caused by differences in number and periods of grazing cattle . Although this was not intentional, the variation in N inputs allows to assess the effects of N inputs for fields with similar groundwater level for similar meteorological conditions (i.e. similar years). It then appears ( Table 1) Table 1 ). The variability in response of N 2 O emissions to changes in N inputs was most likely caused by differences between fields. Notably, although the fields looked similar, field 3 was a little bit more convex compared to field 2 and hence mineralization may have been lower in field 3. In field 13 there was a small gulley, which was dry for most of the time, but may explain the differences in fluxes. Reducing N inputs is generally considered as an effective method to reduce net N 2 O emissions (Zheng et al. 2000; Mosier et al. 1996) and is also supported by our findings when all fields are taken together ). However, results on individual fields for certain years may deviate from this generality and conditions that may appear comparable at first sight may at the end have considerably different emission and in fact can result in 13-fold differences in annual N 2 O-N emissions (summer average emissions of fields 11 and 13, Fig. 3 ).
Variability
During one sampling event about 25% of the cumulative annual emission was achieved for the dry fields, and almost half of the total cumulative annual emission (49%) for the wet fields (Fig. 2) . This observation has important consequences for estimating annual emission and confirms the importance of frequent samplings (Parkin 2008) . Also, van Beek et al. (2009) demonstrated with the current dataset that spatial and temporal variability were about equal, but differed largely between the drainage conditions. In general, temporal and spatial variabilities, expressed as coefficients of variation, equaled 50% for the dry fields and approximately 110% for the wet fields. At present there is a tendency towards raising groundwater levels in peat land areas in The Netherlands to halt or slow down subsidence of the soil and prevent CO 2 emission. According to our results and the results of van Beek et al. (2009) versus mean annual groundwater level was presented. This relation explained 74% of the variation for 10 fields on the current dairy farm, distributed over different years. In van only total N 2 O emissions were measured. With the current dataset a discrimination between net N 2 O emissions and background N 2 O emissions was made and the hypothesis that the first set was mainly driven by N inputs and the last set mainly by groundwater level, appeared to be valid for the background N 2 O emission (Fig. 4) , but could not be confirmed for the net N 2 O emission. Apparently, for the net N 2 O emission small scale heterogeneity caused by urine patches and trampling (van Groenigen et al. 2005b ) scattered the relation between N input and net emissions. Moreover, for the background emissions we used the annual average groundwater level, which is generally known by water management authorities. A more dynamic approach, e.g. using average highest and average lowest groundwater levels, or seasonal average values, may further improve the relation, but may impede implementation of the approach suggested from this study in e.g. Tier 2 approaches for official reporting of greenhouse gas emissions towards the UNFCCC, due to unavailability of accurate data.
Conclusions
At present, official methods to estimate N 2 O emission from grazed grasslands on peat soil use a constant value for the calculation of the so called background emission rate of N 2 O. This study shows that the background emission of intensively managed grasslands on peat soils is lower than the estimates currently used in official reports. Moreover, the background emission was strongly related to groundwater level and can be estimated with reasonable accuracy using mean annual groundwater levels. Considering that the background emission accounted for approximately 22% of the total emission for the dry fields and for approximately 10% of the total emission from the wet fields, we argue to implement a variable value to calculate the background emission of N 2 O in UNFCCC reporting and estimation methodologies, once our findings are confirmed for other peat soils.
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